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ABSTRACT
This paper describes our developments of SAR (Synthetic Aperture Radar) antennas for low-cost, wide swath and
high ground resolution (0.5-0.25m). The antennas are 1D deployable, plane slot array antennas with a wide
elevation beam pattern. RF is fed to each panel with a novel patented technology, non-contact waveguide system
between panels. These types of SAR antennas make feasible a newly proposed DiskSat with SAR sensor system.
The SAR antenna 600MHz bandwidth in X band for 0.5m SAR resolution is made from carbon fiber reinforced
plastic (CFRP) for light weight and thermal stability. Furthermore, range resolution improves with wider frequency
bandwidth. Our novel technology, corporate feed slot array antenna is applied to the SAR antenna in X band with
1200MHz bandwidth aiming at 0.25m range resolution. Also, for a higher azimuth resolution, a sliding-spotlight
SAR observation mode is effective. Then a wide area (20kmx20km) SAR observation with high resolution (0.25m)
is briefly discussed.

INTRODUCTION
Synthetic Aperture Radar (SAR) has several benefits
for remote sensing applications compared with optical
imagery like uninterrupted image acquisition even at
night or during cloud cover. However, conventional
SAR observation requires large or medium size
satellites weighing several hundred kilograms like
TerraSAR-X1 (Germany, total mass 1230 kg, 2007),
SAR-Lupe2 (Germany, total mass 770 kg, 2006),
TecSAR3(Israel, 300 kg, 2008), and NovaSAR-S4
(United Kingdom, 400 kg), which cost several hundred
million USD including launching cost.

map mode and 1-meter resolution SAR image
acquisition in sliding-spotlight mode within acceptable
NESZ tradeoff.
This small SAR sensor was
successfully demonstrated in orbit by Strix-αsatellite
of Synspective Inc.10 in 2021, Feb. The following Strixβsatellite was successfully launched in 2022, March.
Our next technical challenge is to realize a next
generation Micro-X-SAR for constellation mission with
a high ground resolution (0.5-0.25m) and a wide
observation area (20kmx20km). A wide scope of
developments have already been performed, including
3-4kW high power X band amplifier11 and 3.3Gbps
data downlink12.

With rapid advancements in miniaturization of space
technology, using SAR sensors on-board microsatellites in Low Earth Orbits (LEO) is becoming quite
popular both for research and commercial applications:
Capella Space5, Iceye6, IQPS7 being some
contemporary examples of commercial LEO SAR
constellations.

The next chapter of this paper describes the outline of
Micro-X-SAR that was demonstrated on orbit in 2021.
The high range resolution with a relatively wide swath
requires a 1D deployable SAR antenna with bandwidth
of 600-1200MHz. The first half of this paper shows
our technical developments of two types of slot array
antennas (series feed and corporate feed). These types

We have developed a small SAR sensor, Micro X-SAR
8.9
, compatible with 130 kg small satellite. It is capable
of 3-meter resolution SAR image acquisition in strip-
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of SAR antennas make feasible the newly proposed
DiskSat13 with SAR sensor system.

into a 0.7m x 0.7m x 0.7m satellite body. The
waveguide is embedded at the center of the rear surface
in order to feed RF to the antenna panel through
coupling slots. The antenna panel consists of a
dielectric honeycomb core and metal skins, which
function as a parallel plate guide for RF. The front
surface with two dimensional arrays of radiation slots
works as an antenna radiator for vertical polarization
SAR mode. The layered antenna structure is explained
in detail 8.

The high azimuth resolution with a long azimuth
distance can be realized by means of a SAR observation
mode, a sliding- spotlight mode. The second half of
this paper summarizes the sliding-spotlight mode
operation.
Finally, a wide area (20kmx20km) SAR observation
with high resolution (0.25m) is briefly discussed.
SUMMARY OF MICR-X-SAR
In order to realize a compact SAR system compatible to
100kg class satellite, unique SAR mission instruments
have been developed. X band SAR is advantageous to
achieve high resolutions with smaller satellite mass.

After the SAR antenna is deployed, RF power is fed
between adjacent panels through a contactless choke
flange with a nominal airgap of 0.9 mm to prevent
corrosion from thermal expansion in space. The shape
of choke is designed in such a way which ensures that
standing waves are not excited at the region between
the waveguide aperture and the choke groove in the
frequency band of interest.

From the considerations of low-cost, lightweight, and
simple fabrication for mass production, a passive
honeycomb panel slot-array antenna with waveguide
feeder network system was selected8,9. Fig. 1 shows the
configuration of SAR antenna. ‘M’ and ‘P’ denote the
negative and positive sides w.r.t the satellite body yaxis. Each panel is 70cm x 70cm in size and the antenna
size in deployed condition is 5m x 0.7m which in
stowed
condition at pre-launch can be fit
(a)

LOW-COST SAR ANTENNA WITH WIDE
SWATH AND HIGH GROUND RESOLUTION
Low-Cost Antenna for Wide Swath
There have been several types of SAR antennas:
deployable parabolic antenna with 3-4m antenna

(b)

(d)

(c)

Fig. 1. MicroX-SAR Antenna System. (a) Stowed Configuration pre-launch and Deployed Configuration (photo).
Flexible Solar Cell Sheet on Backside of Antenna. (b) Antenna Panel in Deployed Configuration. (c) Non-contact
Waveguide Feeding with Choke Flange. (d) Honeycomb Antenna Panel with Slot-array and Embedded Waveguide.
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Fig.2 (a)1D Deployed Slot Array SAR
Antenna. (b)2D Deployed Mesh Parabola SAR
Antenna.
Fig.3 (a) Series Feed Slot Array Antenna.
(b) Corporate Feed (Parallel Feed) Slot
Array Antenna.

diameter (SAR-Lupe2, TecSAR3, Cappella Space5),
deployable, passive plane antenna (JAXA/Synspective810
), deployable active phased array antenna (RadarSAT214, ALOS 1, 215 ,ICEYE6).

walls of hollow rectangular waveguides. Proper modes
should be excited and fed to slotted parts in these
waveguides to finally create a radiation into the free
space.

Figure 2 depicts advantages of 1 dimensional deployed
passive plane antenna. The significant merit of passive
plane, slot array antennas is its simplicity of antenna
which can afford cost reduction as a key requirement
for SAR constellation application.

Main schemes to feed radio wave to radiation slots are
series and corporate (or parallel). The configuration of
series feed is shown in Fig.3(a), where each slot is
excited in series by a travelling wave or a standing
wave in a waveguide. The slot spacing can be adjusted
so that radiation from each slot is in-phase at the center
frequency.
However, radiation phase distribution
deviates from in-phase as frequency shifts from the
center frequency, resulting in performance degradation.
Practically bandwidth of a series feed antenna is less
than 1/(2N) where N is a total number of slots in series.
An example of antenna bandwidth with series feed is
less than 7% bandwidth for N=7. In X band SAR
application, 600MHz bandwidth is possible to realize
0.5m ground resolution. Merits of the series feeds are
shorter path leading to less loss and relatively simple
structure. Following section describes our development
of the series feed slot array antenna.

Another factor of cost reduction in passive plane
antennas is that it is possible to install solar cell at the
backside of the antenna. In cases of deployable
parabolic antenna, the deployable parts are mesh or
curved panel. In cases of deployable active phased
array antenna with distributed TX/RX modules, the
backside of the deployable panels works as thermal
radiator for active TX/RX devices. For both cases, it is
impossible to install solar cell at the backside surface.
Only passive plane antennas have privilege to install
solar cell at the backside of the antennas and save cost
of independent solar array panels.
The deployable, passive plane antenna cannot perform a
SAR scan mode for wide swath observation. Instead,
the 1D deployable plane antenna can have a shape with
narrow width in elevation direction and long length in
azimuthal direction in order to widen the SAR
observation swath. It is because a large/small antenna
aperture correspond to a narrow/wide far field beam,
respectively.

The configuration of corporate feed (parallel feed) is
shown in Fig.3(b), where the feeder circuit consists of a
tournament circuit. Electrical length of feeder to each
slot is equal and in-phase excitation can be maintained
in a wide bandwidth. The corporate feeds feature wide
bandwidth at the expense of complicated configuration.
Recently ultra-high ground resolution of 0.25m is
discussed for SAR observation assuming 1.2GHz chirp
bandwidth in X band. This application may require the
corporate feed plane slot array antenna. Latter section
describes our development of the corporate feed slot
array antenna.

Low-Cost Antenna for High Resolution
From microwave to millimeter-wave, planar slot
waveguide antennas have been one of the most
attractive categories due to advantages of high
efficiency, compact geometry, easy-to-control aperture
distribution and simple installation. They are widely
used in applications, such as radars, wireless access
communication, and power transmission systems. In
planar arrays, slots are usually etched serially on the
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SERIES FEED SLOT ARRAY CFRP ANTENNA
The present generation of SAR antenna panel of MicroX-SAR consists of aramid paper honeycomb core,
adhesive and aluminum dual skin.
RF signal
propagates along the parallel plate transmission line
containing the aramid paper and adhesive.
The
radiation slots and the coupling slots between the feeder
waveguide and the parallel plate are most sensitive
regions in terms of RF reflection. Shape of adhesive
fillet may affect RF reflection. Reproducibility of RF
reflection coefficient (S11 parameter) at every
manufacturing product does not seem good enough for
SAR constellation. A large reflection from the antenna
may be a serious problem for SAR receiving system. It
is better to eliminate uncertainty of this dielectric effect
in standpoint of mass productivity.
Fig.4 (a) Single Radiation Waveguide with Slot and
Button to Suppress Reflection.
(b) Exploded View of 2D Slot Array Antenna, with
Traversing Feeder Waveguide.
Fig.4(b) is the exploded view of 2 D slot array antenna
with traversing feeder waveguide beneath the radiation
array. The center frequency is 9.6GHz and the
frequency bandwidth is 600MHz, corresponding to
range ground resolution of 0.5m. To widen the
frequency bandwidth, quality factor Q of the slots is

The second issue is thermal distortion of the present
generation of the antenna panel. The present antenna
panel consists of an aramid paper honeycomb panel and
aluminum skins.
Aluminum skins have large
coefficient of thermal expansion and cause thermal
distortion. To avoid this thermal distortion, the antenna
panel attaches to a robust support panel which consists
of CFRP skin and aluminum honeycomb core. This
configuration is stable enough to harsh space thermal
condition at expense of almost doubling mass. We
propose a new CFRP antenna for small SAR satellite to
overcome these two problems.
CFRP slot array antennas have been utilized at
European SAR satellite since 1990s to reduce mass and
thermoelastic distortion. ERS-116,17 , ERS-2, and
ENVISAT (C-band) used 2 dimensional CFRP array
antenna. The center frequency is 5.3GHz and the
bandwidth is 13.5MHz. There are slots in the straight
waveguide without any special structure to suppress
reflections of the slots. It is standing wave excitation for
a narrow frequency bandwidth.
TerraSAR-X1 uses 1 dimensional CFRP slotted
waveguide radiators in the active phased array antenna
system. Vertical polarization is generated by a ridge
waveguide. Horizontal polarization waveguide has a
rectangular cross-section with non-inclined narrow wall
slots excited be a pair of wires. Both waveguides have a
coaxial terminal to the TR-Modules.
In order to reduce mass, thermoelastic distortion and
uncertainty of dielectric effect, the authors have been
developing the 2D-array antenna made by all CFRP. A
waveguide structure is introduced to avoid grating lobes.
The conceptual configuration is shown in Fig. 4.
Fig.4(a) is a single radiation waveguide with radiation
slots and buttons to suppress the reflection from the slot.
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Fig.5 Design and Simulation Results of 2D
CFRP Slot Array Antenna. (a) Reflection S11 vs
Frequency.
(b) Directivity and Aperture
Efficiency vs Frequency.
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Fig. 6 CFRP 2D Slot Array Antenna. Size is 350mmx350mm. Feeder Waveguide will be installed beneath.
(a) Before Copper Plating and (b) After Copper Plating.
designed to be low. Relatively wide slots are applied
to increase radiation power. Flatter waveguides than
standard waveguides are selected to decrease quality
factor Q of the slots. The series number of radiation
slots are N=7 for 600MHz bandwidth.

complicated configurations of the feeding and the
radiation parts. If both parts are integrated in the same
layer, the array is single-layered18,19, otherwise multilayered20,21. The multi-layered ones usually have more
compact apertures because the feeding parts are superimposed beneath or over the radiating parts, sharing the
same aperture size. Conventionally, for the multilayered slot arrays, the perpendicular feed scheme is
applied only for propagating energy from the bottom
feed waveguide to the upper radiating layer. In the
radiating part, the radiation on slot apertures is still
excited in series. Therefore, the array still suffers from
long-line effect and limited bandwidth.

Fig.5 shows the results of design and HFSS simulation
for 2D CFRP series feed slot array antenna. Fig.5(a)
and (b) are the reflection S11, far field directivity gain
and aperture efficiency as functions of frequency. The
maximum aperture efficiency is 88%. For 600MHz
frequency band (9.3-9.9GHz), the reflectivity is less
than -18dB and the aperture efficiency is higher than
60%.

To overcome this problem of previous 2D corporate
feed slot antennas, a noble idea of all-metallic triplelayered 16×16-slot array composed of parallel-plate
waveguide-based radiating part and hollow-rectangularwaveguides-based feeding part was proposed by the
authors22. The geometry of the all-metallic triplelayered parallel-plate 16 × 16-slot array antenna is
illustrated in Fig. 7. The copper plates are categorized
into three layers numbered as #1-#3 from the bottom up.
A 64-way corporate feed circuit composed of 6-level
cascading T-junction equal power dividers is designed
in Layer #1 by laminated diffusion-bonded plates, with
one feed aperture for waveguide at the back and
uniform 8 × 8 coupling slot apertures atop. Above these
are separate plates that are stacked together and
fastened by screws at corners. An air layer braced by a
frame and a plate with uniformly arrayed 16 × 16
radiating slots constitute Layer #2. The remains belong
to the parasitic layer #3. In the air region between the

Manufacturing technique of 2D CFRP antenna is a
challenge. CFRP manufacturing of rectangular tubes
with slots and buttons shown in Fig.4(a) requires a high
level of CFRP forming techniques. Fig.6(a) is a
photograph of 2D CFRP antenna unit (35cmx35cm)
under manufacturing. Another challenge is surface
metallization on the CFRP structure consisting of
rectangular tubes with slots.
We select an
electroplating technique combining with an electroless
nickel-phosphorus plating. The details of plating
described in ref.11. Fig.6(b) is a photograph of 2D
CFRP antenna unit after copper electroplating. The 2D
CFRP antenna unit will be integrated as a first
developing model soon.
CORPORATE FEED SLOT ARRAY ANTENNA
As described in the previous section, the corporate feed
antennas feature wide bandwidth at the expense of
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Fig.7 Geometry of plate the all-metallic triplelayered corporate feed 16 × 16-slot array antenna.

Fig.8 Photograph of all-metallic triple-layered
corporate feed 16x8 slot array antenna
(46cmx23cm).
Center
frequency
9.8GHz,
Bandwidth 1.2GHz.
radiating slot plate and the similar parasitic slotted plate,
there is an intermediate grid layer comprising evenly
spaced thin strips distributed in parallel, with equal
vertical distance from both plates. The wave propagates
perpendicularly across the layers and form a boresight
radiation.

Fig.9 Simulation Results and Measurement
Results of X band all metallic triple-layered
parallel
16x8
slot
array
antenna.
(a) Reflectivity S11 and (b) Directivity and
aperture efficiency vs Frequency
all-metallic triple-layered parallel-16x8 slot array
antenna (46cm x23cm). Center frequency is 9.8GHz,
and bandwidth is 1.2GHz. Fig.9 shows simulation
results and measurement results of X band all metallic
triple-layered parallel 16x8 slot array antenna.
Fig.9(a) is the reflectivity S11 and Fig.9(b) is directivity
and aperture efficiency as functions frequency. The
measured reflectivity is less than -15dB for 9.010.2GHz and the measured aperture efficiency is higher
than 84% for 9.2-10.4GHz. This type of antennas seems
very promising for 1.2GHz ultra-wide band SAR
application.

This corporate feed slot antenna was firstly
demonstrated in the 60-GHz band. The measured
antennas prove a 19.2% bandwidth for VSWR < 2.0
and high antenna efficiency over 70% in the band from
56.0 GHz to 67.9 GHz. For one fabricated prototype,
the measured realized gain is 33.2 dB and antenna
efficiency is 87.2% at 62.0 GHz.
Then the authors developed the first trial model of X
band corporate slot array antenna aiming at ultra-wide
band SAR observation, based on this 60GHz corporate
feed slot array antenna. Fig.8 is a photograph of the
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However, this test model made from aluminum alloy
and the mass density is about 40kg/m2. Also diffusion-
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bonding process is included in the manufacturing
process, which is not adequate for mass-production. It
is required to find an alternative manufacturing process
for mass- production to reduce mass. The goal of mass
density is less than 10kg/m2.

DISKSAT FOR SAR MISSION
Recently DiskSat13, a containerized, large-aperture,
quasi two-dimensional satellite is proposed as a costeffective solution for a LEO constellation that required
significant power and RF aperture. There are available
designs for larger dispensers and CubeSats. However,
very few CubeSats larger than 6U have flown, and none
have been larger than 16U. Future space missions will
benefit from more power and RF aperture, beyond what
can be provided by conventional CubeSats, even with
complex deployables.

Fig.10.
DiskSat for SAR Constellation.
Diameter is about 1 meter.
(a) Body-Mount,
Single Panel Antenna. (b) Deployable, Multi
Panel Slot Array Antenna. Non-contact RF feed
between panels and Solar Cell Sheet on
Backside.

A SAR constellation is a very representative mission
for the DiskSat since a SAR requires a high power and
a large RF aperture. However, conventional SAR
antennas such as a deployable mesh parabola and an
active phased array antenna are very difficult to
integrate in the DiskSat. The stowed shape of a
deployable mesh parabola may not be flat and thin.
Most of deployable parabola antennas are off-set
parabolas, which need deployable booms and primary
feeders. In a case of an active phased array antenna, the
rear surface is designed as a thermal radiator.
Therefore, a body-mount type of an active phased array
antenna meets with difficult thermal design. In a case
deployable type of active phased array, many power-,
control- and RF-cables traverse between panels and
each panel becomes thick.

Fig.10 is a configuration of a DiskSat for SAR
constellation mission. The disk diameter is about 1m.
The thickness depends on miniaturization of SAR
mission instruments. Fig.10(a) is a case of a bodymount, single panel, slot array SAR antenna for a low
ground resolution mission. The backside of thedisk
works as a thermal radiator and solar panel. Fig.10(b)
is a case of a deployable, multiple panel, slot array
SAR antenna for a high ground resolution mission. RF
signal traverses with non-contact waveguide feed
between the panels. There are flexible solar cell sheets
on the backsides of the antenna panels.

SLIDING-SPOTLIGHT MODE FOR WIDE AREA
OBSERVATION AND HIGH RESOLUTION

On the other hand, the proposed deployable passive
plane slot array antennas with non-contact RF
waveguide feed can solve the above-mentioned
problems. The stowed shape is a just thin plane and no
power-, control- and RF cables traverse between panels.
It does not need a thermal radiator on the backside since
there is no heat generation in the antenna panels.
Therefore, it is possible to install solar cell sheets on the
backside.

This chapter is devoted to discussion on slidingspotlight SAR observation mode, which is effective to
obtain both a wide observation area and a high
resolution in azimuth direction. The topics include the
Signal-to-Noise Ratio, the azimuth resolution, the
azimuth seeping velocity on ground, and the selection
rule of the pulse repetition frequency.

Actually Strix- α , - β SAR satellite10 of

Synspective Inc./JAXA have already demonstrated this
sharing of antenna panels and solar panels.
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Signal-To-Noise Ratio
Fig.11 describes the SAR observation geometry. The
SAR satellite transmits periodic pulsed microwave
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he SNR is improved by the factor (τi /τc) due to the
pulse compression.
In azimuth SAR processing, the azimuth resolution is
improved by the synthetic aperture effect and there is
an SNR advantage due to pulse integration, which is
(TD ・ PRF ). Here TD is the dwell time defined as a
duration time when the target is illuminated for. PRF is
the pulse repetition frequency.
The SNR improvement factor for the SAR is
Improvement Factor = (τi /τc) (TD PRF )

(3)

The SNRimage of the SAR image is obtained from Eq.(2)
and (3).

Fig.11 Geometry of SAR Observation.
(a) Strip-Map Mode and (b) Sliding-Spotlight Mode
signals to the surface target T from the SAR antenna.
The back-scattered signal from the target return to the
SAR antenna. The basic formulas are based in ref.23.
The received power PRF is given by the familiar radar
equation.

The product (PTX τ i PRF) is the average power
transmitted Pave. For an optimally designed receiver
B τc = 1, i.e., the matched filter case. The gain G of
the antenna is given by G = 4πAη/ λ2, whereλis the
wavelength. The radar cross section σof a resolution
cell is σ=σ0δazδr where σ0 is the normalized radar

where PTX is a transmitted power, and R is a slant range
between the satellite and the surface target. G, A, and

cross section per a unit area, δaz and δr are azimuth
and range resolutions, respectively. With these
substitutions, (4) can be rewritten as

η are a SAR antenna gain, an antenna aperture area,
and an aperture efficiency of the SAR antenna. σ is a
radar cross section per unit area and Ls is a system loss.
The noise effect to SAR observation is determined by
the thermal noise at the receiver system. The signal-tonoise ratio SNRRX of the received signal is given by

The dwell time TD on a target is governed by the
azimuth resolution δaz and hence, it is related to
synthetic aperture length Lsa=vTD. The one-way 3-dB
beamwidth with the synthetic aperture size Lsa is given
nominally by λ/Lsa (rad). SAR is a two-way coherent
radar system and the antenna beamwidth and phase
must be considered over a two way path so that the net
two-way 3-dB beamwidth λ/(2Lsa). Therefore, the
azimuth resolution δaz is given by

where k is the Boltzman’s constant and T is the noise
temperature of the receiving system, and B is the
receiver-noise bandwidth.
In range SAR processing, the range resolution is
improved by the linear frequency chirp, and pulse
compression techniques. The peak power after the pulse
compression is increase by (τi /τc), where τi is the

In other words, an azimuth resolution requires the dwell
time TD as

initial uncompressed pulse width and τ c is the
compressed pulse length. The noise power does not
change in the pulse compression processing. Therefore,
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Then the SNR of the SAR image is given from Eqs. (5)
and (6) as

target-pointing, then SAR observation is a spotlight
mode. A disadvantage of a spot-light mode is that the
observation length in the azimuth direction is limited by
the narrow azimuth beam width.

This formula was obtained by Cutrona24.
It is
interesting that the SNR of the SAR image is
proportional only to the range resolution and
independent from the azimuth resolution δaz and the
dwell time TD., since the relation of Eq. (6) is
maintained for SAR observation aiming at a higher
azimuth resolution. Eq.(5) shows that it is also possible
to improve the SNR at the expense of higher azimuth
resolution by taking a longer dwell time than right hand
side of Eq.(7)

A sliding-spotlight mode is an intermediate mode
between a strip-map mode and a spot-light mode, where
the satellite attitude keeps pointing to a virtual rotating
center below earth surface. The azimuth beam steers
from fore to aft at a constant rotation rate. A slidingspotlight mode can obtain the higher azimuth resolution
than one of a strip-map mode and the longer
observation length in the azimuth direction than a spotlight mode.
Fig.11(b) is a geometry of a sliding-spotlight mode. T
is a target point on the ground. R and r are the slant
ranges from the flight path to the target T and the
virtual rotation center O to the target, respectively. The
azimuth beam steers from fore to aft at a constant
rotation rate as ωr. Here it is assumed that the satellite
body is rotated at the rate ωr and the satellite is above
the target point T at t=0. In order to acquire an azimuth
resolution δaz, the target point T should be irradiated by
the SAR transmitted power for the time duration given

Strip-Map Mode
Fig.11(a) is a geometry of a strip map mode. Earth is
assumed as a plane. In a strip-map mode, the satellite
attitude keeps earth-center pointing. The synthetic
aperture length Lsa is determined by the antenna beam
width θR.

by Eq.(7), namely t=- TD /2～TD /2.

The edge of the

transmitted beam and the beam center are supposed to
hit the target and the rotation center at t= ± TD /2,
respectively.
Fig.11(b)

Hereθ R is one-way 3-dB beamwidth approximately
given as λ/LR where LR is the radar antenna length in

Eqs. (12) and (13) are obtained from

the azimuth direction. Then the well-known azimuth
resolution of the strip-map mode is obtained, combining
Eqs.(6)and (10).

In the strip-map mode, the azimuth resolution is limited
by the half antenna azimuth length since the SAR
observation time TD is limited by the antenna beam

where θs is the instantaneous squint angle of the beam
center at t= ± TD /2, θ R is one-way 3-dB full
beamwidth approximately given as λ/LR, and R is the
slant ranges from the flight path to the target O. Then
the instantaneous squint angle θs at t= ± TD /2 is
obtained for a sliding-spotlight mode by combining
Eq.(7) and (12).

width θR.
Sliding-Spotlight Mode
If the satellite attitude is controlled so that the antenna
beam width covers the target point for a longer duration
than one in the strip-map mode, the SAR observation
time TD can increase and the azimuth resolution δaz can
be improved. If the satellite attitude keeps surface-
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For a strip-map mode as a special case, the azimuth
resolution is given by Eq.(11). Then Eq.(14) gives the
squint angle θs =0, which means a strip-map mode
does not need any squint angle rotation.

interference with transmitted pulse, nadir echo
interference, range and azimuth ambiguities, etc. Thus,
PRF should be selected in such a way that these
undesired effects are minimized so that we can obtain a
good SAR image.

The rotation rate of the satellite body in a slidingspotlight
mode
is
given
as

The narrow antenna width in the elevation direction
widens the beam pattern on the ground and makes
possible wider swath. However, if the PRF is so high
that return signals from two successive transmitted
pulses arrive simultaneously at the receiver, there will
be ambiguity in the response. This ambiguity problem
is called a range ambiguity. This higher limit (range
ambiguity) condition of PRF becomes more severe for
cases of longer pulse, narrow antenna width in the
elevation direction, and wide swath. However, this
higher limit conditions are common for a strip-map
mode and a sliding-spotlight mode, since these modes
are concerning azimuth processing.

where Eqs.(7) and (14) are utilized.
The slant ranges from the virtual rotation center O to
the target T is obtained from Eqs.(13), (14), and (7) as

Eq.(16) can be converted to the other forms as

The lower limit condition of PRF is related in the
azimuthal processing in the frequency domain. The
transmitted signal has spectral components separated in
frequency from the center by an amount equal to the
PRF. The received signal has additional spectral
components separated in frequency from the center
determined by the Doppler shift from the targets
illuminated by the antenna beam. Let us analyze the
Doppler shift of the received signal both for a strip-map
mode and a sliding-spotlight mode.

A is the steering factor of a sliding-spotlight mode
defined by Berizzi25, and the azimuth resolution is
improved by the factor A. In a strip-map mode, r=∞
and A=1. Note that in a spot-light mode, r=0, A=0 and
the azimuth resolution is determined as Eq.(6) by the
real dwell time TD.
In a sliding-spot light mode, the SAR transmitted beam
is swept on the ground with combination of the satellite
orbit velocity and the satellite body rate . The sweeping
velocity vsweep on the ground is given as

In general, the two-way Doppler shift fD due to a radial
velocity vr is given by

Note that the ground sweeping velocity of the beam is
reduced by the factor A compared with a strip-map
mode. The initial portion of the sliding-spotlight SAR
image is acquired after the dwell time TD. Therefore,
total SAR observation time Ttotal is required to obtain
the azimuth length Laz in the sliding-spotlight mode.
Here

where f is the radar frequency and c is the light velocity.
vr = v sin θ≒ vθ. The angle θis a maximum angle
between the beam direction and the vertical direction.
In a strip-map mode, the satellite attitude keeps earthpointing and the squint angle θs =0. The angle θ to the
first null of the one-way radar illumination beam and
the corresponding Doppler shift are

Selection of PRF in Sliding-Spot-Light Mode
An important parameter for a SAR system is the pulse
repetition frequency (PRF)23,26. Several things have to
be taken into consideration in PRF selection, viz.
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In a sliding spotlight mode, however, there is a squint
angle of the beam center as shown in Fig.11(b).
Therefore, the angle θ to the first null of the one-way
This lower limit is valid both for a strip-map mode
and a sliding-spotlight mode. In the conclusion the
PRF selection rule essentially does not change
compare with a strip-map mode, even though the
image processing of the sliding-spotlight mode
becomes complicated including the estimation of the
offset Doppler shift f Ds .

radar illumination beam
and the corresponding
Doppler frequency are given as

Case Study for Wide Observation Area and High
Ground Resolution

where f Ds is the Doppler frequency corresponding to
the squint angle. The Doppler frequency in the slidingspotlight mode an offset component.

Table 1 is the SAR specification of the first-generation
Micro-X-SAR by Pyne 9. The typical parameter is that
1m ground resolution with 300MHz chirp-bandwidth,
10-28km swath-width, and peak RF power 1kW. Note
that the swath-width is relatively wide because of its 1D
deployable antenna shape. The ground resolution of
1m is obtained by the sliding-spotlight mode. These

Let us go back to the spectral of the received signal. In
a strip-map mode, targets at the center of the broadside
beam will return signals with zero Doppler shift and the
spectral components of the received signals from other
points distribute in the region of (-2v/LR ～2v/LR ). On

performances were demonstrated by Strix-αsatellite in

the other hand, in a sliding-spotlight mode, targets at
the center of the broadside beam will return signals
with f Ds and the spectral components of the received
signals from other points distribute in the region of

Table 1.

(f Ds -2v/LR ～f Ds +2v/LR ).

Specification of First-Generation
Micro-X-SAR 9

As the transmitted signal, the received signal also has
spectral components separated in frequency by an
amount equal to the PRF. The difference between the
two modes is only the offset Doppler shift f Ds. This
offset Doppler frequency can be estimated based on the
orbit and attitude data in the SAR imaging processing
in ground. When such Doppler frequency estimation is
accurately enough, the Doppler shift distributed in the
range of (-2v/LR ～ 2v/LR ).

The maximum spectral

component is 2v/LR and the Doppler bandwidth
BDopper is defined28,29 as

The Shannon’s sampling theorem teaches us that the
minimum sampling rate is 2BDoppler. However, a
quadrature (IQ) sampling is widely applied to the
SAR receiving system and I- and Q- component are
acquired at one sampling timing. Therefore, the
required minimum sampling rate is modified to
BDoppler. Thus the lower limit of the PRF is
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11

36th Annual Small Satellite Conference

data storage volume, down link capability12, and
high-power supply.

2021.
As described in the previous chapter, the authors are
developing 1200MHz bandwidth antenna, which
enables to obtain 0.25m range resolution. Equation (8)
indicates that SNR of the SAR image is proportional to
the range resolution. An appropriate SNR of the SAR
image with 0.25m resolution requires roughly 4 times
RF power-up from the present 1m range resolution. The
authors are developing 3.3kW X band power
amplifier11 while the present RF output is 1kW. The
higher limit condition of PRF selection relating to range
processing does not essentially change for the same 1028km swath-width as the first generation.

CONCLUSION
This paper describes our developments of SAR
(Synthetic Aperture Radar) antennas for low-cost, wide
swath and high ground resolution (0.5-0.25m). The
antennas are 1D deployable, plane slot array antennas
with a wide elevation beam pattern. RF is fed to each
panel with a novel patented technology, non-contact
waveguide system between panels. The SAR antenna
600MHz bandwidth in X band for 0.5m SAR resolution
is made from carbon fiber reinforced plastic (CFRP) for
light weight and thermal stability. Furthermore, the
novel technology, corporate feed slot array antenna is
applied to the SAR antenna in X band with 1200MHz
bandwidth aiming at 0.25m range resolution. The
azimuth resolution improves with aperture synthesis.
Sliding-spotlight SAR observation mode is effective
both for a high resolution and a wide observation area.

Azimuth resolution can be improved by a slidingspotlight mode. The present antenna length in the
azimuth direction is LR=4.9m. If we select a slidingspotlight mod with a steering factor in Eq.(18) as A=0.1,
we obtain the azimuth resolution δaz = 0.25m. The
dwell time in Eq.(7) is TD = 4.8sec. The ground
sweeping velocity of the sliding-spotlight mode in
Eq.(19) is vsweep =0.75km/sec. If we take, as an
example, total SAR observation time Ttotal=30sec, then
observation length in the azimuth direction is Laz
=18.9km by Eq.(20). Note that the swath-width is 1028km, which is the same as the first generation MicroX-SAR.

A wide area (20kmx20km) SAR observation with high
resolution (0.25m) is briefly discussed. Further
developments are necessary for these challenging
parameters. They include the 3.3kW high RF power
amplifier11, the SAR data transfer speed, the SAR
data storage volume, down link capability12, and
high-power supply.

The satellite body keeps a rotation of 0.65deg/sec
constant rate Eq.(15) during the sliding-spotlight mode
and the total rotation angle is 19.3deg for Ttotal=30sec.
This body rate is adjusted prior to the observation and
no attitude control is necessary during the observation.
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